Three cultivars of citrus with different sensitivities to freezing temperatures (citron, Citrus medica L.; rough lemon, C. limo, Burm. F; sour orange, C. aurwantium L.) were cold hardened for 4 weeks. Lipids from leaves of hardened and control seedlins were fractionated and analyzed for fatty acids. The absolute amount of triglycerides and phospholipids increased in the leaves upon hardening. With hardening, total linoleic acid also increased 141% in citron, 210% in rough lemon, and 233% in sour orange. Specific increases in linoleic acid were found in triglycerides, in the four phospholipids (phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, phosphatidylglycerol), and in neutral lipids more polar than triglycerides. Trans-3-hexadecenoic acid was found only in phosphatidylglycerol.
In plants, fatty acids have been postulated to play a role in hardening processes. The membrane-fluidity theory is based on the fact that membranes from chill-resistant plants are often richer in unsaturated fatty acids than those from chill-sensitive plants (8) . Accumulation of unsaturated fatty acids during temperature acclimation has been observed in a number ofgenera, e.g. linolenic in wheat shoots (1) and apple leaves (5) ; linoleic in alfalfa (7) and bean leaves (21) ; and hexadecatrienoic in thistle (15) .
A number of studies (14, 20, 23) , however, do not show this relationship between cold-hardiness or ability to be hardened and high fatty acid unsaturation. Raison (18) has concluded that these studies do not rule out a relationship between lipids in membranes and cold-hardiness. Wilson (21) , comparing chill and drought hardening studies on bean leaves, indicated that chilling injury is not solely due to phase transitions in the membrane lipids; the increase in unsaturation with chill hardening may be due to a general response to low temperature growth conditions such as altered desaturase activity. A possible relationship between cold hardiness in a citrus rootstock and its lipid content was reported by Kuiper (6) when he found that a cold hardy mandarin rootstock had a higher content of phospholipids than less hardy rootstocks.
Our study was planned to determine the following: Do Tissue Sampling. Ten leaf samples were obtained from hardened and control trees by removing one leaf randomly selected from the top five leaves of ten trees. Duplicate samples from citron and rough lemon and quadruplicate samples from sour orange were analyzed for lipids. Three grams fresh weight of leaf sample (minus the mid-vein) was maintained for 10 min in 100 ml boiling methanol, cooled, flushed with N2 and kept in a deep-freezer until analyzed within 3 d.
Extraction of Lipids. The methanol (90 ml) was decanted from the sample tissue and mixed with 180 ml chloroform (Folch reagent). Lipids were extracted from the leaf tissue by blending for 3 min in a Waring Blendor with 90 ml of this Folch reagent. The lipid extract was filtered through a coarse-fritted funnel and the leaf residue was reextracted with two 90-ml portions of the Folch reagent. Filtrates containing the lipids were combined and concentrated in vacuo at 30°C to near dryness. The (Table I) . Freeze injury was greatest in citron and least in sour orange. Differences between selections in cold tolerance were statistically significant. These results confirm the observations by Young (25) that these selections from most hardy to least hardy, are respectively: sour orange, rough lemon, and Levels of the fatty acids in the cold-hardened samples were higher by 17% (citron), 34% (rough lemon), and 43% (sour orange), than respective levels in control seedlings (Table II) . Accounting for 72% to 89% of these increases was linoleic acid which in citron increased 141%, in rough lemon 210%, and in sour orange 233%. Hardening was reported to increase linoleic in bean leaves (21) and in alfalfa (7); however, linolenic acid preferentially increased in 2-year apple trees (5) . Effects of hardening on leaf lipids of older citrus trees are under study to evaluate the influence of maturity on desaturation of fatty acids.
There were distinct varietal differences in stearic, oleic, and linoleic acid levels in control and hardened leaves. Levels of these three acids in the sensitive citron were 28% to 68% of the respective levels observed in the most hardy sour orange. Levels in rough lemon were between the respective levels in citron and sour orange. Further studies are being conducted to determine the levels of these three acids in many citrus rootstocks of varying susceptibility to cold.
Upon cold hardening, there was little change in the levels of MGDG, DGDG, SE, and NL(P) as determined by the lipid intensities on TLC plates and by their methyl ester areas on GLC chromatograms. The levels of the four phospholipids, however, were 30% to 50% and triglycerides 200% to 400% greater in hardened leaves than in respective controls. The acid, trans-3-hexadecenoic, was found almost exclusively in PG at a level of 25%. This acid is considered a marker for PG which comprises 20% of the phospholipids in leaf chloroplasts (9) . PG is not found to any extent in leaf mitochondria (9) . Glycolipids are generally associated with the chloroplasts and phospholipids with leaf mitochondria (9) . We plan to isolate chloroplasts and mitochondria and to use trans-3-hexadecenoic acid as a marker in future hardening studies since interchanges between PG, PC, and PE have been observed in studies with grape leaves (19) .
The linoleic acid content increased in four phospholipids, TG and the NL(P) fraction in hardened leaves from all three cultivars (Table III) .4 Effect of hardening on linoleic in SE, MGDG, and DGDG was slight and inconsistent. Differences in the levels of linoleic between the three varieties were sometimes slight. The most cold sensitive (citron) had the lowest and the most hardy (sour orange), had the highest level of linoleic in each of the nine lipids. This was found in both control and hardened samples. The linoleic acid content of total lipid varied in the same way, between the cultivars, with citron lowest, followed by rough lemon and sour orange.
The location of triglycerides in leaves has not been definitely established. Because triglycerides are nonpolar, they probably are not an integral component of the various membranes. Chloroplasts would be the most likely organelle to contain such a neutral lipid. Chen et a. (2) found the osmiophilic globuli to increase 3-fold in the leaf chloroplasts of a frost-resistant potato species upon being cold-hardened. A similar increase in globuli was observed (17) in a frost-resistant species of winter wheat. Frost-sensitive species in the two studies showed a slight increase (2) or a decrease (17) in these fat bodies upon being hardened. Osmiophilic globuli were observed in both control and hardened sour orange leaf chloroplasts but quantitative differences were not reported (24) . These globuli also increased in Navel orange leaves during maturation and early senescence (4) . Both polar and neutral lipids were present in these globuli in all stages of development of the leaf but the polar lipids greatly declined in the senescence stage at which time the globuli were at their maximum level. Unfortunately, in the Freeman study (4) and in the cold-hardening studies (2, 17, 4 Relative percent tables of the other major fatty acids can be obtained from the senior author. 24) triglycerides were not analyzed. It is very probable that triglycerides are major components of the osmiophilic globuli, at least in the case of citrus leaves. Increased levels of triglycerides (osmiophilic globuli) upon hardening may be a source of material for maintaining membrane integrity during the freezing process (2) . CONCLUSIONS Upon hardening of 8-month-old citrus seedlings for 4 weeks the level of fatty acids in their leaves increased. The fatty acid that showed the largest increase was linoleic. This caused an increase in the unsaturation level of the leaf lipids. The increases were most pronounced in TG but also occurred in phosp4olipids. In both control and hardened leaves, varietal differences were observed in the levels of linoleic acid. Cold sensitive citron had less linoleic acid than hardy sour orange. The increase in phospholipid unsaturation, as well as varietal linoleic level variations are complementary to current theories on cold hardiness, e.g. unsaturated lipids maintain membrane fluidity at lower temperatures. The increase of TG upon hardening of citrus seedlings requires further study to explain its role in cold hardening.
